An early gene product, Gam1, encoded by the avian adenovirus CELO, is an inhibitory protein for the sumoylation machinery, which has been implicated in regulating a variety of cellular pathways. In this study, we found that Gam1 effectively suppressed both constitutive and inducible sumoylation and caused significant cell growth inhibition. This Gam1-mediated cell growth inhibition was associated with induction of apoptosis. In particular, Gam1 induced caspase-3 activity as detected by immunostaining and Western blot. Of interest, like the Ubc9 dominantnegative mutant, Gam1 also sensitized cells to DNAdamaging agents such as topotecan and doxorubicin and non -DNA-damaging agents such as paclitaxel and vincristine. Taken together, our findings suggest that activation of the caspase pathways is at least in part responsible for the increased apoptosis in Gam1-expressing cells and, thus, contributes to the growth inhibition and enhanced chemosensitivity.
Introduction
Gam1, an early protein encoded by the avian adenovirus CELO (1) , is a strong and global transcriptional activator of both viral and cellular genes and it inactivates HDAC1 (2) . Recently, Gam1 has been shown to inhibit the sumoylation pathway by reduction of the essential sumoylation enzymes E1 and E2 (Ubc9; ref. 3) . Therefore, Gam1 has been successfully used to suppress sumoylation (4, 5) .
As a posttranslational modification, the sumoylation pathway plays a key role in a wide variety of cellular events (6) . Small ubiquitin-like modifier (SUMO), composed of four distinct proteins in humans (SUMO-1, SUMO-2, SUMO-3, and SUMO-4), is a growing member of the ubiquitin and ubiquitin-like superfamily. Like ubiquitination, sumoylation is a multistep process catalyzed by several enzymes, including the activating enzyme E1 (SAE1/SAE2), conjugating enzyme E2 (Ubc9), and E3 ligases. E1 activating enzyme activates SUMO at the expense of ATP, forming a high-energy thioester bond with SUMO. E2 conjugating enzyme Ubc9 receives activated SUMO and then transfers it to a substrate, forming an isopeptide bond between a protein lysine q amino group and the COOH terminus of SUMO (6 -9) . E3 ligase facilitates this conjugation process by enhancing the conjugation activity or the substrate specificity (10 -12) .
Given that a large number of cellular regulatory proteins, including oncoproteins, tumor suppressors, cell cycle regulators, and enzymes involved in DNA repair and chromosome stability, have been shown to be targets for sumoylation, deregulation of sumoylation is expected to have a significant effect on cell growth and proliferation, as well as response to environmental stimuli. For instance, several SUMO isoforms are up-regulated during cellular stress, and proteins involved in the cell stress response are sumoylated (13 -16) . Consequently, alterations of protein sumoylation would affect cancer development and/or tumor drug resistance (17) .
In support of this notion, we have previously shown that overexpression of a dominant-negative mutant Ubc9 (Ubc9-DN) is associated with increased sensitivity to DNAdamaging agents (18) ; furthermore, Ubc9-DN has also a negative effect on tumor growth in the xenograft mouse model (19) . In yeast, a defect in the ubc9 gene causes increased sensitivity to genotoxic drugs (20) . However, the mechanism underlying sumoylation-mediated drug responsiveness is not fully understood. In particular, it is not clear whether suppression of sumoylation also affects the tumor cell response to non -DNA-damaging agents.
In this study, besides showing suppression of Ubc9 expression and sumoylation by Gam1, we find that overexpression of Gam1 inhibits cell growth. Furthermore, Gam1 enhances the sensitivity to both DNA-damaging and non -DNA-damaging agents, which is likely through activation of caspase-dependent apoptotic pathways.
Materials and Methods
Cell Culture 293T cells and HeLa cells (obtained from American Type Cell Collection) were grown in DMEM (BioWhittaker), supplemented with 10% fetal bovine serum, 2 mmol/L L-glutamine, 100 units of penicillin/mL, and 100 Ag of streptomycin/mL. Cells were incubated at 37jC in a humidified chamber supplemented with 5% CO 2 .
Construction of Plasmids Myc-tagged Gam1 was previously described (3). To construct GFP-Gam1, the Gam1 coding region was amplified by PCR. PCR primers were GAM1-5.1 (sense), CTCGAGGCCCGCAACCCATTCCGCATG (the Xho1 site was underlined), and GAM1-3.1 (antisense), GAATTCT-TACAGAGAATGGTAGGGGTG (the Eco RI site was underlined). The PCR product was first cloned into pCR8 (Invitrogen). After verification by DNA sequencing, it was then subcloned into pEGFP-C3 (Clontech) at XhoI and EcoRI sites. Its expression was further verified by fluorescence microscopy and Western blot.
Transfection 293T cells or HeLa cells were transiently transfected with pSG9M-Gam1 or pSG9M vector (3) by calcium phosphate method as previously described (21) . Briefly, cells were seeded at f30% confluence onto a six-well plate and allowed to grow for f2 h before transfection. Three micrograms of plasmid DNA were used for each transfection. To monitor transfection efficiency, the transfection reaction was added to a green fluorescent protein (GFP) -expressing plasmid and then examined under a fluorescence microscope 1 day after transfection.
Western Blot Western blot analysis was carried out according to standard methods. All antibodies, except for topoisomerase I (topo I) -specific antibody TI-I (21), were purchased from commercial sources: Myc antibody (Applied Biological Materials, Inc.), Ubc9 antibody (BD Bioscience), RanGAP1 antibody (Invitrogen), SUMO antibody (Invitrogen), and active caspase-3 antibody (Cell Signaling).
3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide Assays 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays were used to determine the cell growth and responsiveness to anticancer agents as previously described (21) . Briefly, cells seeded onto 96-well plates were treated with anticancer drugs at various concentrations and then incubated at 37jC for 3 days before MTT assays.
Detection of Apoptosis by Cell Death ELISA Apoptosis was detected using cell death detection ELISA plus kit (Roche Ltd.) following the manufacturer's protocol. This detection kit is designed for detection of internucleosomal DNA fragmentation by antibody-mediated capture and cytoplasmic mononucleosome-and oligonucleosome-associated histone-DNA complexes (22) . Signals were measured at 405 nm against ABTS solution as a blank and the relative apoptosis levels were calculated accordingly. Briefly, 3 days after transfection, cells were harvested, seeded onto 96-well plates (10,000 per well), and incubated for 2 h to allow cells to attach before lysis for ELISA assays.
Immunofluoresence Staining Immunofluoresence staining was used to determine the induction of caspase-3 activity in Gam1-transfected cells.
Briefly, 3 days after transfection with vector control or Gam1-expressing vector, HeLa cells were fixed with 3% paraformaldehyde and permeabilized by 80% cold methanol. After washing with PBS, coverslips were then incubated in PBS with 3% bovine serum albumin for 10 min at room temperature. Primary antibodies against Myc or the active form of caspase-3 (R&D Systems) in PBS plus 0.1% Tween 20 were then added and incubated for 1 h at room temperature. After three washes with PBS, the cells were incubated with a fluorescence-conjugated secondary antibody in the dark for 1 h. For nuclear staining, the cells were subsequently stained with 0.5 Ag/mL Hoechst dye (Sigma-Aldrich) for 5 min before examination under a fluorescence microscope.
Statistical Analysis
The results are applied for statistical analysis. Values shown in graphs were expressed as mean F SE of at least three independent experiments and were analyzed by Student's t test.
Results

Suppression of Sumoylation by Gam1
Because previous studies have shown that Gam1 can inhibit sumoylation (3), we first asked whether Gam1 has any effect on sumoylation in our cells. After Gam1 expression was confirmed by Western blot with Mycantibody (not shown), we tested whether Gam1 is able to effectively reduce Ubc9 expression level. As shown in Fig. 1A , there was a direct correlation between expression of Gam1 and suppression of Ubc9, which seemed to be dependent on the time after transfection. For instance, we observed a slight reduction of Ubc9 2 days after transfection; by day 3, however, there was a substantial reduction of Ubc9 in Gam1-transfected cells compared with the vector control (Fig. 1A) , consistent with the previous findings (3, 4) . Similarly, we also found suppression of Ubc9 expression by Gam1 in HeLa cells (not shown). We then determined whether Gam1 affects sumoylation in these cells. There are two types of sumoylation: constitutive and inducible sumoylation. Constitutive sumoylation occurs under normal conditions, whereas inducible sumoylation occurs in response to different stimuli (13, 23 ). Therefore, we tested the effect of Gam1 on both types of sumoylation. Because RanGAP1 is the most abundant substrate of SUMO-1 and, in most cases, SUMO-1 is detected as a conjugated form with RanGAP1 (24) under normal conditions, it is a good SUMO substrate for constitutive sumoylation. After 3 days of transfection, SUMO-conjugated RanGAP1 was decreased in Gam1-transfected cells compared with vector control (Fig. 1B,  left) . Interestingly, there was a nonconjugated RanGAP1 in Gam1-transfected cells, as detected by antibody against RanGAP1, whereas little nonconjugated RanGAP1 was detected in the vector control cells. This was further supported by probing the membrane with SUMO antibody (Fig. 1B, right) . These results are consistent with a previous report that Gam1 suppresses sumoylation of RanGAP1
Gam1-Mediated Cell Growth Inhibition in vitro (3). To further determine whether Gam1 also suppresses stress-induced protein sumoylation, we used DNA topo I, which is largely sumoylated in response to DNA-damaging anticancer drugs such as topotecan (23) . Thus, cells were harvested 3 days after transfection, treated with topotecan, and then tested for inducible sumoylation. Because topo I carries several sumoylation sites, there are several sumoylated topo I bands when separated in SDS-PAGE. These slow-migrating topo I -specific bands were shown to react with SUMO-1 antibody (23) . As shown in Fig. 1C , Gam1 also suppressed sumoylation of topo I. Therefore, like Ubc9-DN (23, 25) , Gam1 suppresses both constitutive and inducible protein sumoylation.
Inhibition of Cell Growth by Gam1
Given the suppression of sumoylation by Gam1, we asked whether Gam1 will have any effect on cell growth. 293T cells were transfected with Gam1 plasmid and cell growth was monitored from day 1 to day 4 after transfection. As shown in Fig. 2A , Gam1-expressing cells grew significantly more slowly than the vector control at days 3 and 4 after transfection. To determine whether this Gam1-induced growth inhibition is cell type specific, we also tested it in HeLa cells and found that Gam1 also inhibited HeLa cell growth with a similar pattern (Fig. 2B) .
To directly detect the effect of Gam1 on cell growth, we constructed a plasmid expressing GFP-Gam1. After verification of its ability to suppress Ubc9 and sumoylation (not shown), we introduced this plasmid into 293T cells and then monitored the growth of the GFP-Gam1 -expressing cell population from day 1 to day 4 under a fluorescence microscope. The GFP-Gam1 cell population diminished very rapidly during 4 days, and thus the ratio of GFP-Gam1 -expressing cells versus total cell population decreased substantially (Fig. 3B) . In contrast, the GFP vector -expressing population gradually increased from day 1 to day 2 and then remained relatively stable after that (Fig. 3A) . From a total of 600 cells counted each day, we found a sharp contrast in the ratio between the GFP vector and GFP-Gam1 (Fig. 3B) . In other words, the GFP vectorexpressing cells can still divide without losing GFP within 4 days after transfection, whereas the vast majority of the GFP-Gam1 -expressing cells are eliminated within the same period of time. These results suggest that Gam1 plays a direct role in cell growth inhibition.
To determine whether Gam1 affects cell growth by regulation of cell cycle, we carried out cell cycle analysis We then examined whether Gam1-associated growth inhibition is due to the induction of apoptosis. Using cell death ELISA kit, which specifically detects the cytoplasmic histone-associated DNA fragment, we found that there was an almost 4-fold increase in apoptosis in cellular extract from Gam1-transfected cells compared with the vector control (Fig. 4A) . Hence, Gam1-mediated cell growth inhibition is associated with induction of apoptosis pathways. This is surprising because Gam-1 was originally identified in a screen for antiapoptotic protein (1). However, there was a fundamental difference. In this study, we used transformed cells whereas the previous study was carried out in primary human skin fibroblasts (1), which implies that Gam1 could function in an opposite way in different types of cells.
To further determine whether Gam1-induced apoptosis is caspase dependent, we treated Gam1-transfected cells with the general caspase inhibitor z-VAD-fmk 24 h after transfection. As shown in Fig. 4A , z-VAD-fmk substantially suppressed Gam1-induced apoptosis, suggesting that it is caspase dependent. We then tested whether z-VAD-fmk has any effect on Gam1-induced cell growth inhibition and found that this agent partially reversed Gam1-induced growth inhibition (Fig. 4B) . To further dissect Gam1-induced apoptosis, we treated Gam1-transfected cells with caspase-3 inhibitor because caspase-3 has been shown to be a key protein enhancing chemosensitivity (26) . Like the general caspase inhibitor, caspase-3 inhibitor was also able to reverse Gam1-induced apoptosis and cell growth inhibition (Fig. 4A and B) . A, the general caspase inhibitor z-VAD-fmk (VAD ) and caspase-3 inhibitor (C3-I ) are able to reverse Gam1-induced cell apoptosis. B, suppression of Gam1-induced growth inhibition by z-VAD-fmk or caspase-3 inhibitor. 293T cells were first transfected with Gam1 or vector control and then seeded onto 96-well plates 1 d after transfection. Caspase inhibitors were added after cells were attached. Columns, mean of three independent experiments; bars, SE. **, P < 0.01; *, P < 0.05.
Finally, we used antibody against active caspase-3 to stain Gam1-transfected cells. As shown Fig. 5A , activation of caspase-3 (green) was detected in Gam1-transfected cells and colocalized with Gam1 (red). In contrast, active caspase-3 signal was much weaker in the vector control. Western blot also indicated that Gam1 induced caspase-3 activity (Fig. 5B) . Therefore, these results suggest that Gam1 induces caspase-dependent pathways, which seems to be in part through activation of caspase-3.
Gam1 Increases the Sensitivity to Both DNA-Damaging and Non^DNA-Damaging Anticancer Drugs
After showing that Gam1-induced growth inhibition is associated with caspase pathway, we then determined whether Gam1 affects cell response to cytotoxic drugs. Because we have previously shown that suppression of Ubc9 function by Ubc9-DN causes reduction of overall sumoylation and sensitizes tumor cells to DNA-damaging anticancer agents such as VM26 and topotecan (18), we asked whether the suppression of sumoylation by Gam1 also increases cell sensitivity to these agents. Cells were first transfected with either vector alone or Gam1; 24 h later, they were treated with either topotecan or doxorubicin, which is known to cause DNA damage (27) . Because Gam1 itself inhibits cell growth (Figs. 2 and 3) , we normalized data with DMSO control as 100% for vector control or Gam1. Consistent with our previous report (18) , Gam1 enhanced the sensitivity of cells to doxorubicin by 1.8-fold and to topotecan by 3.0-fold when compared with the vector control (Table 1) . We also treated the same transfected cells with various doses of UV radiation and found that Gam1-expressing cells were more sensitive to UV treatment than the vector control, with a 2-fold increase (Table 1) . These findings are in agreement with the notion that sumoylation is involved in the regulation of DNA repair pathways (28 -31) , and suppression of sumoylation may have an adverse effect on DNA repair, leading to increased sensitivity to these agents.
Not clear, however, is whether Gam1 has any effect on the sensitivity of cells to non -DNA-damaging agents. Thus, we tested vincristine and paclitaxel, both of which are known to target tubulins or microtubules (32) . Of considerable interest, MTT assays revealed that Gam1 increased the sensitivity of cells to both agents ( Table 2 ), suggesting that Gam1 also affects cytotoxicity mediated by non -DNA-damaging agents. To determine whether increased sensitivity to non -DNA-damaging agents caused by Gam1 is due to suppression of sumoylation, we used the Ubc9-DN approach to suppress sumoylation as previously described (23, 25) . Like Gam1, Ubc9-DN also sensitized cells to these non -DNA-damaging agents (Table 2) . Thus, both Gam1 and Ubc9-DN can sensitize cells not only to DNA-damaging agents but also to non -DNA-damaging agents.
It is well known that despite different mechanisms involved, all of the above agents are known to cause cell apoptosis (32, 33) . To test the possibility that Gam1 affects the response to apoptosis-inducing agents but not to nonapoptosis-inducing agents, we examined the effect of Gam1 on the sensitivity of cells to merbarone, a catalytic topo II inhibitor. Unlike complex-forming topo II inhibitors such as VM26 or doxorubicin that stabilize the DNA-topo II complex, causing double-strand breaks and leading to cellular apoptosis (33) , merbarone inhibits topo II -mediated DNA cleavage (34) . Although merbarone can cause apoptosis in leukemia cells at a high concentration (35, 36) , we detected no induction of apoptosis in merbarone-treated 293T cells at 100 Amol/L by the apoptosis assay kit or active caspase-3 activity. Under this condition, Gam1 had no significant effect on the merbarone-induced cytotoxicity (Table 2) . It seems that Gam1 can synergize only with apoptosis-inducing agents and not with non -apoptosisinducing agents. Finally, to determine whether Gam1 causes drug sensitivity through activation of caspase pathways, we detected the activation of caspase-3 activity by Western blot. As shown in Fig. 6 , a higher level of active caspase-3 level was detected in cells transfected with Gam1 plus topotecan treatment than with either Gam1 or 
Discussion
As a sumoylation inhibitor, Gam1 has been shown to cause degradation of two essential sumoylation enzymes, E1 and Ubc9 (3). In particular, Gam1 interferes with the activity of E1 heterodimer (SAE1/SAE2), leading to the accumulation of SUMO-unmodified substrates (37) . In this study, we show that Gam1 causes a significant reduction of Ubc9 and leads to suppression of both constitutive and inducible sumoylation. Furthermore, Gam1 overexpression causes cell growth inhibition, which is likely through activation of caspase-dependent apoptosis pathways. More importantly, like Ubc9-DN, Gam1 also sensitizes cells to both DNA-damaging and non -DNA-damaging agents. In addition to suppression of sumoylation, Gam1 has been shown to inactivate HDAC1 activity (2) ; this may be, in part, through inhibition of HDAC1 sumoylation although sumoylation of HDAC1 does not seem to be absolutely required for HDAC1 biological activity (38) . Therefore, although we cannot exclude the possibility that Gam1 affects cell growth independent of sumoylation, given that both Gam1 and Ubc9-DN induce apoptosis and cause cell growth inhibition, it is reasonable to assume that suppression of sumoylation by Gam1 is, at least in part, responsible for the observed growth inhibition and activation of the caspase-dependent apoptosis pathways.
Sumoylation has been shown to regulate many critical pathways because of its ability to modulate transcription, protein stability, and protein subcellular localization (9) . In particular, sumoylation has been implicated in modulating the responsiveness to DNA-damaging anticancer agents, presumably because sumoylation plays a role in DNA repair pathways (30) . Our study herein indicates that suppression of sumoylation enhances the sensitivity not only to DNA-damaging but also to non -DNA-damaging agents, suggesting that sumoylation may have a broader role in regulating chemotherapy-mediated cytotoxicity, and thus affecting the efficacy of these agents. Because non -DNA-damaging agents, such as paclitaxel and vincristine, are a class of clinically important anticancer drugs, sumoylation-mediated responsiveness to these agents highlights the potential clinical implications of modulating protein sumoylation.
With regard to the effect of sumoylation on the cellular response to stress, previous investigations have mainly focused on DNA-damaging agents, not only because many DNA repair enzymes are shown to be substrates for sumoylation (30) but also because interruption of the sumoylation machinery has been shown to affect the response to DNA-damaging agents in yeast and mammalian cells (18, 20, 39) . It is generally believed that this effect is attributable to the ability of sumoylation to modulate the activity of DNA repair enzymes or their subcellular localization or their stability. For instance, thymidine glycosylase is one of the several DNA glycosylases involved in base excision repair. SUMO conjugation of thymidine glycosylase reduces its affinity for the apurine site, thus facilitating its recycling for subsequent rounds of base excision repair (40, 41) . Protein modifications by SUMO have also been shown to play an important role in the repair of double-strand breaks via homologous recombination. Both Rad51 and Rad52 are key components of the eukaryotic homologous recombination machinery, which are involved in the early stages of homologous recombination and directly interact with Ubc9 and SUMO-1 (42, 43) . Nuclear depletion of Ubc9 causes significant disruption of Rad51 intracellular trafficking, such that induction of Rad51 nuclear foci by DNA-damaging agents is markedly inhibited (44) . Our results with doxorubicin, topotecan, and UV radiation shown in this study further support the role of sumoylation in the cell response to these agents.
However, this cannot explain why suppression of sumoylation also leads to the enhancement of the sensitivity to non -DNA-damaging agents. Apparently, sumoylation can also modulate other cellular pathways that link to the response to these agents. It is well known that many anticancer agents exert cytotoxicity by inducing cellular apoptosis, although the mode of action for each agent may be very different. Despite intensive investigations of sumoylation function, little is known whether or how sumoylation affects cellular apoptosis. Because all the agents tested in this study, except for merbarone, can induce cellular apoptosis, and suppression of sumoylation by either Gam1 or Ubc9-DN enhances the sensitivity to both DNA-damaging and non -DNA-damaging agents but not merbarone, it is conceivable that sumoylation increases the sensitivity to these agents through regulation of cellular apoptosis. Therefore, we directly determined the effect of sumoylation on apoptosis. Our results indicate that suppression of sumoylation increases cellular apoptosis. Furthermore, this enhanced apoptosis is likely due to the activation of caspases, particularly caspase-3, and thus is at least in part responsible for the enhancement of drug sensitivity.
Regulation of apoptosis by sumoylation has clinical implications. It is well known that the vast majority of chemotherapeutic agents, as well as radiation, exert their cytotoxicity through induction of cellular apoptosis (45, 46) . Moreover, many therapeutic agents are designed to target the apoptosis machinery. Given the enhancement of chemosensitivity by suppression of sumoylation, antisumoylation may provide a potential approach for cancer therapy.
